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We study the normal state electronic structure of the recently discovered infinite-layer nickelate
superconductor, Nd1−xSrxNiO2. Using SrNiO2 as a reference, we find that Nd1−xSrxNiO2 is a
multi-orbital electronic system with characteristic Hund’s metal behaviors, such as metallicity, the
importance of high-spin configurations, tendency towards orbital differentiation, and the absence of
magnetism in regimes which are ordered according to static mean-field theories. In addition, our
DFT+DMFT calculations with exact double counting scheme show that despite large charge carrier
doping from SrNiO2 to LaNiO2, the Ni-3d total occupancy is barely changed due to the decreased
hybridization with the occupied oxygen-2p states, and increased hybridization with the unoccupied
La-5d states. Our results are in good agreement with the existing resonant inelastic x-ray scattering
measurements and pave the way to understand the pairing mechanism of Nd1−xSrxNiO2.
Introduction—Understanding high temperature (high-
Tc) superconductors is an outstanding question in the
area of quantum materials and presents major unsolved
questions. With the discovery of new materials, multi-
ple questions arise: what are the origins of the high-Tc
superconductivity and what are the competing orders.
Understanding of these questions requires a proper de-
scription of the low-energy electronic structure and the
correlations presented in the normal state. The recent
discovery of superconductivity in the infinite-layer nick-
elates, Nd1−xSrxNiO2, by Hwang’s group [1] raises these
questions in a novel context [2].
We have by now, at least four broad classes of un-
conventional superconducting materials, which have well
established phenomenologies: (1) the quasi-one dimen-
sional organics [3]; (2) materials proximate to a Mott-
Hubbard or a charge-transfer insulator [4] such as the
quasi-two dimensional organic salts [5] and the copper
oxide based materials [6–8] which can be described, at
low energies, in terms of an effective single band system;
(3) intermetallics including rare-earth or actinides heavy-
fermion systems [9]; and (4) the more recently discovered
iron pnictides and chalcogenides [10, 11]. Numerous ef-
forts have been made to synthesize 3d9 nickelate materi-
als that can serve as analogs of the doped copper oxide
superconductors, such as La4Ni3O8 [12, 13].
Early on, LaNiO2 was suggested theoretically to be
a cuprate analog by Ansisimov et al. [14] . However,
Lee and Pickett [15] showed that the electronic struc-
ture of LaNiO2, differs significantly from the cuprates,
as rare-earth 5d bands were shown to cross the Fermi
level as well. Other differences include smaller c-axis
and more three-dimensional nature, smaller crystal field
splitting and much smaller hybridization strength be-
tween the Ni-3d and oxygen-2p states [16]. Alter-
natively, analogies with heavy-fermion materials have
also been proposed [17]. Despite extensive investiga-
tions by experiments [18–26], density functional theory
(DFT) [16, 27–36], DFT plus dynamical mean-field the-
ory (DFT+DMFT) [37–39] methods [40–48] and theoret-
ical models [17, 49–54], the nature of the electronic corre-
lations in Nd1−xSrxNiO2 still remains an open question.
In particular, a quantitative agreement between experi-
ment and theory is still absent.
In this work, we carry out various electronic struc-
ture calculations and analyze the available data for the
infinite-layer nickelates at the two ends of hole-doping
(LaNiO2 and SrNiO2, respectively) as well as the inter-
mediate doping regime. We point out multiple similar-
ities between (La,Sr)NiO2 and the Hund’s metal iron-
based superconductors [52, 55, 56], once we take into ac-
count obvious differences, the former has a valence close
to 3d8.5 − 3d9 and with low-energy eg orbitals while the
later has Fe d5.5 − d6.5 valence with low-energy t2g or-
bitals [10, 11, 57].
Methods—We study LaNiO2 instead of NdNiO2 to
avoid the issue of Nd-4f orbitals [16, 42]. Although
SrNiO2 does not crystallize in the LaNiO2 structure [58],
in this work, for the purpose of comparison, we assume
the same crystal structures (P4/mmm, see Fig.S1 in [59])
and use the same lattice parameters a = b = 3.966A˚
and c = 3.376A˚ [16, 60] for both materials. We perform
fully charge self-consistent DFT+DMFT calculations us-
ing the code, EDMFTF, developed by Haule et al. [61]
based on the Wien2k package [62]. We choose a wide
hybridization energy window from -10 eV to 10 eV with
respect to the Fermi level to cover the long tails of Ni
d3z2−r2 and dxz/yz orbitals due to their strong hybridiza-
tions with La/Sr 5d states and interstitial-s states [43].
All the five Ni-3d orbitals are considered as correlated
ones and a local Coulomb interaction Hamiltonian with
rotationally invariant form is applied. We choose U = 5
eV and Hund’s coupling JH = 1 eV, which are rea-
sonable values for this system [44, 50]. The local An-
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FIG. 1. DFT and DFT+DMFT band structures/k-resolved spectrum functions and density of states. Upper (lower) panels
for SrNiO2 (LaNiO2). (a),(g) DFT band structures and (b),(c),(h),(i) DFT density of states. (d),(j) DFT+DMFT k-resolved
spectrum functions and (e),(f),(k),(l) DFT+DMFT density of states. The insets in (e) and (k) are the enlarged density of
states above the Fermi level from 0 to 10 eV.
derson impurity model is solved by the continuous time
quantum Monte Carlo (CTQMC) solver [61, 63]. We
use an exact double counting (DC) scheme invented by
Haule [64], which nearly eliminates the DC issues in most
correlated materials. The DFT+DMFT results shown in
this work are performed at the temperature T = 100
K. The self-energy on real frequency Σ(ω) is obtained
by the analytical continuation method of maximum en-
tropy [61]. The local effective mass enhancement due to
electronic correlation effects is directly obtained from the
self-energy on Matsubara frequency, m∗/mDFT = 1/Z =
1 − ∂ImΣ(iωn)∂ωn |ωn→0, to avoid the large error bar in ana-
lytical continuations. The Sr-doping effects are simulated
by the virtual crystal approximation (VCA) in the inter-
mediate doping regime (x ≤ 0.5).
We also perform spin-polarized calculations to check
the energetics of long-range magnetic orders on the static
mean-field level using the GGA+U method implemented
in the VASP package [65]. A
√
2 × √2 × 2 supercell is
used [16, 42]. Four magnetic configurations (see Fig.S2
in [59]) are considered: (i) ferromagnetic (FM), (ii) FM
in plane and antiferromagnetic out of plane (AFM-A),
(iii) AFM in plane and FM out of plane (AFM-C) and
(iv) AFM in plane and AFM out of plane (AFM-G).
Multi-orbital nature and Hund’s metal behavior—We
start with describing the electronic structure and corre-
lation effects of the material at the extremely hole-doping
end, SrNiO2, as a reference system. Figs. 1(a)-(c) show
its DFT band structure and density of states (DOS) that
are similar to those of CaCuO2 [16], but with one electron
removed (nominal 3d8). It shows an obvious multi-orbital
electronic structure with the Fermi level crossing both
the eg and t2g orbitals. The hybridization between Ni-
3d and Sr-5d states is very weak. While, the Ni-3d states
strongly hybridize with the O-2p states with a sharp peak
in the O-2p DOS at the Fermi level [see Fig. 1(c)], such
that the charge-transfer energy, ∆dp, between the Ni-
3d and O-2p states is small (2 ∼ 3 eV) [16] compared
to Hubbard U , which indicates a possible charge-transfer
Mott-insulator scenario like that in NiO [66, 67] if a large
Mott gap could be opened. However, our DFT+DMFT
calculations show that it is a moderately correlated multi-
orbital metal.
Table I show the local occupancy numbers, nd, and
the mass enhancement, m∗/mDFT, of Ni-3d orbitals, and
Table II show the probability of the Ni-3d local multi-
plets, obtained from the DFT+DMFT calculations. The
strong 3d-2p hybridization leads to a much larger Ni-3d
total occupancy (8.479) than the nominal value. Except
3for the dxy orbital, all the other 3d orbitals are partially
occupied and moderately renormalized due to the com-
parable strengths of Hund’s coupling and crystal field
splitting. There are 1.057 (0.943), 1.755 (0.245) and
1.845 (0.155) electrons (holes) residing on the dx2−y2 ,
d3z2−r2 and dxz/yz orbitals, respectively. These holes are
highlighted by the DOS above the Fermi level in the in-
set of Fig. 1(e). In the presence of large Hund’s cou-
pling, they form substantial spin-triplet states (S = 1)
with a weight of 25.4%, while smaller weight (17.1%) of
spin-singlet states in the N = 8 sector (see Table II).
The Hund’s effect is also be seen in the DFT+DMFT
spectrum functions [see Figs. 1(d) and 1(e)], where the
d3z2−r2 band is pushed closer to the Fermi level compared
to the DFT results [Figs. 1(a)]. We find strong charge
fluctuations with 7.7%, 43.7% and 5.6% multiplets in the
N = 7, 9 and 10 sectors, respectively. The electronic cor-
relation strengths exhibit orbital differentiation, with a
larger mass enhancement of 1.89 for dx2−y2 orbital and a
smaller one of about 1.6 for d3z2−r2 and dxz/yz orbitals.
Fig. 1(d)-(f) show that all the 3d orbitals except dxy con-
tribute to the DFT+DMFT Fermi surfaces (see Fig.S3
in [59]) and that ∆dp is further reduced by the electronic
correlation effects.
Thus, SrNiO2 has many things in common with a cor-
related multi-orbital metal and manifests Hund’s metal
behavior [68–74], analogous to iron pnictides and chalco-
genides, since it (i) is away from half-filling; (ii) has sig-
nificant enhancement of electronic correlation and mass;
(iii) shows important roles of Hund’s coupling and high-
spin configurations; (iv) shows orbital differentiation be-
havior.
We now go to the other end of the undoped LaNiO2
and examine the evolution of band structures from
SrNiO2 to LaNiO2 by comparing the DFT band structure
and DOS in Figs. 1(g)-(i) to those in Figs. 1(a)-(c). The
main changes are (i) the Fermi level moves up; (ii) the
Ni dx2−y2 band is pushed away slightly from the other 3d
bands; (iii) the La-5d bands start to strongly hybridize
with the Ni-3d bands and contribute to the Fermi sur-
faces [see Γ and A points in Fig. 1(g)]; (iv) the O-2p
bands are pushed down a lot to be nearly isolated from
the Ni-3d bands and the 3d − 2p hybridization becomes
much weaker such that ∆dp is significantly reduced. In
this work, we also reveal a similar multi-orbital nature of
SrNiO2, even in the undoped LaNiO2.
Increasing hybridization with La-5d states and decreas-
ing hybridization with O-2p states in LaNiO2 will lead
to electron transfer from the Ni-3d states to La-5d and
O-2p states, so the DFT+DMFT calculations give a Ni-
3d total occupancy of 8.593 that is greater than SrNiO2
(8.479) by only 0.11 electrons, even though one more elec-
tron is residing in LaNiO2. This suggests that the Ni-3d
total occupancy is almost pinned from the undoped end
to the extremely doped end, which has also been con-
firmed by our doping calculations. The overall change
TABLE I. The local occupancy numbers, nd, and the mass
enhancement, m∗/mDFT = 1/Z, of Ni-3d orbitals from
DFT+DMFT calculations.
dx2−y2 d3z2−r2 dxz dyz dxy Total
nd
SrNiO2 1.057 1.755 1.845 1.845 1.977 8.479
LaNiO2 1.219 1.637 1.891 1.891 1.955 8.593
m∗/mDFT
SrNiO2 1.89 1.56 1.58 1.58 1.32
LaNiO2 2.81 1.25 1.21 1.21 1.27
TABLE II. The weights of the Ni-3d local multiplets sampled
by CTQMC solver.
Occupancy N 7 8 8 9 10
Total Spin S All 1 0 1/2 0
SrNiO2, DMFT 7.7% 25.4% 17.1% 43.7% 5.6%
LaNiO2, DMFT 6.2% 25.9% 10.3% 49.0% 8.1%
LaNiO2, Ref. [18] 6.0% 24.0% 14.0% 56.0% –
of the Ni-3d total occupancy is only 0.08 in the doping
range from x = 0 to x = 0.5 [see Fig. 3(a)]. Comparing
to SrNiO2, the occupancy numbers among 3d orbitals
in LaNiO2 are slightly redistributed, with 0.162 (0.046)
more electrons residing on dx2−y2 (dxz/yz) orbitals and
0.118 less electrons residing on d3z2−r2 orbital, so still
with substantial holes residing on these orbitals, as high-
lighted in the inset of Figs. 1(k). As a result, the prob-
ability distribution of the Ni-3d multiplets shown in Ta-
ble II is not too different between LaNiO2 and SrNiO2,
so LaNiO2 also shows multi-orbital nature and strong
metallicity. The calculated weight of the spin-triplet con-
figurations is 25.9% for LaNiO2, which is very close to
the value, 24%, given by the multiplet calculation used
to simulate the x-ray absorption (XAS) and resonant in-
elastic x-ray scattering (RIXS) spectra of LaNiO2 in [18].
Their simulations show that substantial 3d8 spin-triplet
configurations are responsible for the resonant pre-peak,
A′, of RIXS. The critical roles of spin-triplet configu-
rations have also been pointed out in [51]. Different
from [40], we obtain a small percentage of the 3d10 con-
figuration (8.1%) that rules out the possibility of the
charge-transfer Mott insulator scenario in LaNiO2. The
percentages of other multiplets obtained here are also
very close to the values given by [18], which validates our
DFT+DMFT calculations.
Going from SrNiO2 to LaNiO2, the orbital differenti-
ation is significantly enhanced, with stronger mass en-
hancement of 2.81 for dx2−y2 orbital and weaker mass
enhancement of about 1.2∼1.3 for the other 3d orbitals
in LaNiO2. Fig. 3(b) shows that a tendency of increasing
correlation in dx2−y2 orbital and decreasing correlation in
other 3d orbitals, as decreasing hole-doping level x, has
been captured by our doping calculations. As shown in
the DFT+DMFT calculations by Lechermann [47, 48],
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cell containing one Ni site) between the magnetic states and
the non-magnetic state, EM − ENM, vs the Hubbard U from
the GGA+U calculations. (c),(d) The ordered magnetic mo-
ments per one Ni site vs U . (a),(c) for SrNiO2 and (b),(d) for
LaNiO2.
a large enough Hubbard U (≥ 10 eV) can open a Mott
gap in the dx2−y2 orbital. Our results strongly support
their claim that the multi-orbital nature rules the normal
state of NdNiO2 [47, 48], but with strong metallicity in
dx2−y2 orbital found in our work. Fig. 3(a) shows the
evolution of the DFT+DMFT Fermi surface as increas-
ing hole-doping. We find Lifshitz transitions of the Fermi
surface from x = 0 to x = 0.5 and two sheets of Fermi
surfaces around the optimal doping level, x ≈ 0.2. The
results of occupancy numbers and mass enhancement of
Ni dx2−y2 and d3z2−r2 orbitals as well as the evolution
of Fermi surfaces as increasing hole-doping presented in
this work are consistent with the previous DFT+DMFT
study with U = 6 eV, JH = 0.95 eV and fully localized
DC scheme [44].
Magnetism—One of the main arguments to ques-
tion the cuprate-like superconducting nature in
Nd1−xSrxNiO2 is that the super-exchange coupling
Jex is too small due to the very large ∆dp [51]. Here,
like CaCuO2 [16, 40], ∆dp is significantly decreased in
SrNiO2, which may stabilize long-range AFM orders or
induce stronger AFM fluctuations through an enhanced
Jex. We check this by comparing the ground state
energy of possible magnetic configurations in SrNiO2
to that in LaNiO2 on the static mean-field (GGA+U)
level. Figs. 2(a) and 2(b) show the energy difference
per one Ni site between the magnetic and non-magnetic
(NM) states, δE = EM − ENM, as functions of Hubbard
U . For SrNiO2, the lowest energy state is FM and
AFM-A when U ≤ 3 eV and AFM-G when U > 3 eV.
For LaNiO2, AFM-G is the lowest energy state, even at
the GGA level (U = 0) [42]. FM, AFM-A and AFM-C
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(b) mass enhancement of Ni-3d orbitals as functions of doping
level x.
are also lower in energy than the non-magnetic state
when U > 0. δE of LaNiO2 becomes much larger than
that of SrNiO2 when U > 0, which suggests that it is
much easier for LaNiO2 to stabilize magnetic orders
than SrNiO2, hence the physics of super-exchange is not
operational in these materials, while they are essential
for the cuprates.
Although the static mean-field calculations can give
stable long-range magnetic orders with large ordered
magnetic moments [see Figs. 2(c) and 2(d)] in both of
LaNiO2 and SrNiO2, in reality, no signature of such or-
ders have been observed in LaNiO2 or NdNiO2 down
to the very low temperature range the available exper-
iments have approached so far [75, 76]. This situation
is similar to that in iron-based superconductors, where
the static mean-field calculations usually predict stable
magnetic orders with large ordered moments while the or-
dered moments are found to be significantly suppressed
in experiments, as discussed widely in literatures such
as [71, 77–83].
Conclusion—To summarize, we have provided a new
perspective to describe the normal state electronic struc-
ture of Nd1−xSrxNiO2 starting using SrNiO2 as a ref-
erence. SrNiO2 is found to be a moderately correlated
multi-orbital Hund-like metal. Going from SrNiO2 to
LaNiO2, the Ni-3d total occupancy is insensitive to de-
creasing hole-doping as the changes in carrier density are
compensated by decreased hybridization with the occu-
pied O-2p states and increased hybridization with the un-
occupied La-5d states. Thus, as in SrNiO2, same amount
5of high-spin configurations, same order of charge fluctua-
tion and similar multi-orbital nature but with enhanced
orbital differentiation, are found in LaNiO2. Our results
are in good agreement with the existing RIXS measure-
ments.
From this perspective, our study excludes the cuprate-
like scenario for this new Ni-based superconductor and
suggests that Nd1−xSrxNiO2 is a new unconventional su-
perconductor that shares many similarities with Hund’s
superconductors [52, 55, 56], such as their metallicity,
the importance of Hund’s coupling and high-spin con-
figurations, tendency towards orbital differentiation with
the dx2−y2 as the most correlated orbital, and the ab-
sence of magnetism in regimes which are ordered ac-
cording to static mean-field theories, but with a valence
close to 3d8.5 − 3d9 and with low-energy eg orbitals in-
stead of the Fe d5.5−d6.5 valence with low-energy t2g or-
bitals [10, 11, 57]. Most interestingly, the ratio between
the largest superconducting gap 2∆max and Tc (deter-
mined as the mid-point of the superconducting transition
in resistivity) is evaluated to be about 7 from the most
recent experimental data of Nd1−xSrxNiO2 [84], which is
very close to the value for the iron-based superconductors
that are proposed as prototypical Hund’s superconduc-
tors [56, 85].
Finally, we notice that as we place Nd1−xSrxNiO2 far
from a Mott transition, the insulating behavior observed
at low doping and temperatures, has to be attributed
to the impurity induced Anderson localization, which
should get weaker as sample quality improves.
Note added.—Under the preparation of this
manuscript, we learned about the related parameter-free
GW+EDMFT work [86] that also finds multi-orbital
nature and the pinning of the Ni-3d total occupancy
in the small doping regime of Nd1−xSrxNiO2, which
validates our simple DFT+DMFT calculations.
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S-I. COMPUTATIONAL DETAILS
Fig. S1(a) shows the crystal structure of La(Sr)NiO2
generated by the VESTA software1. Fig. S1(b) shows
the corresponding Brillouin zone (BZ) and the high-
symmetry K-path used in the band structure plots. The
spin-polarized calculations are performed on the static
mean-field level using the DFT+U method implemented
in the VASP package2 with projector augmented-wave
(PAW) pseudopotential3,4 and Perdew-Burke-Ernzerhof
parametrization of the generalized gradient approxima-
tion (GGA-PBE) exchange-correlation functionals5. The
energy cutoff of the plane-wave basis is set to be 600 eV,
and a Γ-centered 20×20×20 K-point grid is used. Fig. S2
shows the magnetic configurations considered in the cal-
culations.
S-II. FERMI SURFACE
Fig. S3 shows the DFT+DMFT Fermi surfaces (FSs)
cuts at kz = 0, 0.0625, 0.125, 0.25, 0.375, 0.4375, 0.5 for
LaNiO2 (upper panel) and SrNiO2 (lower panel). The
FSs of LaNiO2 contain three sheets
6,7: (1) an electron-
like pocket around Γ-point with mainly Ni-d3z2−r2 and
La-5d characters; (2) another electron-like pocket around
A-point with mainly Ni-dxz/yz and interstitial La-s char-
acters; (3) a hole-like FS centered along the A-M BZ edge
with Ni-dx2−y2 character, which is just at the von Hove
singularity point [see Fig. S3(g) at kz = 0.5], indicating
Lifshitz transition upon hole-doping. The FSs of SrNiO2
also contain three sheets: (1) an electron-like FS around
Γ-point with mainly Ni-dx2−y2 character; (2) a hole-like
FS centered along A-M BZ edge with mainly Ni-dxz/yz
character; (3) another hole-like FS centered along A-M
BZ edge with mainly Ni-dxz/yz and -d3z2−r2 characters.
1 Koichi Momma and Fujio Izumi, “Vesta: a three-
dimensional visualization system for electronic and struc-
tural analysis,” Journal of Applied Crystallography 41,
653–658 (2008).
2 G. Kresse and J. Furthmu¨ller, “Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set,” Phys. Rev. B 54, 11169–11186 (1996).
3 P. E. Blo¨chl, “Projector augmented-wave method,” Phys.
Rev. B 50, 17953–17979 (1994).
4 G. Kresse and D. Joubert, “From ultrasoft pseudopotentials
to the projector augmented-wave method,” Phys. Rev. B
59, 1758–1775 (1999).
5 John P. Perdew, Kieron Burke, and Matthias Ernzerhof,
“Generalized gradient approximation made simple,” Phys.
Rev. Lett. 77, 3865–3868 (1996).
6 I. Leonov, S. L. Skornyakov, and S. Y. Savrasov, “Lifshitz
transition and frustration of magnetic moments in infinite-
layer ndnio2 upon hole-doping,” (2020), arXiv:2003.04368.
7 Jonathan Karp, Antia S. Botana, Michael R. Norman, Hy-
owon Park, Manuel Zingl, and Andrew Millis, “Many-
body electronic structure of ndnio2 and cacuo2,” (2020),
arXiv:2001.06441.
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FIG. S2. Magnetic configurations with a
√
2×√2×2 supercell. Arrows indicate spin directions on the Ni sites. (a) ferromagnetic
(FM), (b) ferromagnetic in plane and antiferromagnetic out of plane (AFM-A), (c) antiferromagnetic in plane and ferromagnetic
out of plane (AFM-C) and (d) antiferromagnetic in plane and antiferromagnetic out of plane (AFM-G).
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FIG. S3. The DFT+DMFT Fermi surfaces at kz = 0, 0.0625, 0.125, 0.25, 0.375, 0.4375, 0.5. (a)-(g) for LaNiO2 and (h)-(n) for
SrNiO2.
